Some of these columns were strengthened with different CFRP configurations comprising fibres oriented in the longitudinal direction, transverse direction and in both directions. The effect of coexisting axial compression applied prior and during the application of the transverse load (impact or quasi-static) was also examined. The axial load was introduced in the experimental program to simulate the normal service load that exists on columns in multi-storey frame buildings. Generally, it was found that the effectiveness of CFRP strengthening was increased at a higher loading rate to different degrees depending on the CFRP configuration.
Introduction
During their service life, steel structures may be subjected to impact actions from different sources such as vehicle collisions, debris, rock-falls, and blast events. Impact is often characterised by large load amplitudes applied within a short duration which in turn cause strain rate effects in the materials and inertia effects in the structure. These effects make the behaviour of structures under impact loading different from that under static loading. Fibre reinforced polymer (FRP) composites have been commonly employed in the field of civil engineering for the last two decades or so.
Correspondingly, the response of FRP strengthened steel structures under quasi-static loading rates has been widely covered [1] [2] [3] . To date, structural behaviour of steel members strengthened with FRP under impact loading is limited to a very few exploratory studies [4, 5] . Thus, much uncertainty still exists surrounding the differences between the structural behaviour of these kinds of strengthened members under impact.
As mentioned previously, the response of CFRP strengthened steel members has widely been investigated under static load. For example, Shaat and Fam [6] found that the increase in the ultimate load of CFRP strengthened slender SHS steel columns ranged from 6% to 71% compared to the corresponding un-strengthened case, depending on the slenderness ratio. Similarly, it was found that the ultimate load of CFRP strengthened lipped channel steel columns increased by about 15% to 20% compared to the corresponding un-strengthened columns for short and long columns respectively [7] .
However to date, the behaviour of CFRP strengthened steel columns under impact load has been only lightly investigated. In one of the few existing studies, Alam and Fawzia [8] numerically investigated the response of axially compressed CFRP strengthened columns under transverse impact. Another study conducted by Kadhim et al. [4] investigated the numerical response of a CFRP strengthened steel column under impact load. Both studies showed that this strengthening technique could effectively reduce the transverse displacement of columns by around 60% and 40% for the former and latter studies respectively. The main difference between these studies was the omission of the effects of the partial bond between CFRP and the steel section by the former study. A further numerical study was carried out by the authors of the present paper [5] in which the structural behaviour of I'section steel beams strengthened with various length and thickness of CFRP laminate was investigated. It was found that the application of CFRP can reduce the deflection of steel beams by around 13% compared to the corresponding un-strengthened beam.
Recently, two experimental studies were published on the behaviour of CFRP strengthened steel hollow sections under impact load [9, 10] . In the first study [9] , strengthening of square hollow sections was examined with different CFRP configurations comprising fibres oriented in the longitudinal, transverse and both longitudinal and transverse directions. One of the main contributions of this study was the effect of axial pre-compression which represented pre-existing axial load on the columns prior to applying the impact load. In the latter study [10] , circular hollow sections (CHS) were strengthened with different CFRP configurations including fibres oriented in the longitudinal direction and in both longitudinal and transverse directions. In both of these studies, the CFRP strengthening technique was found to be able to reduce the transverse displacement by around 32% and 29% for the former and latter studies respectively. It should be noted that different adhesive materials, namely Araldite 420 and Mbrace 4500, were used in the former and latter studies respectively. In regards to adhesive, some of the previous studies [11, 12] that have been conducted on CFRP-steel joints recommended the use of Araldite 420 as an adhesive material for CFRP-steel joints in the case of impact loads due to their nonlinear behaviour. The current study makes a comparison between the effectiveness of CFRP under various loading rates (impact and quasi-static) which has not been investigated elsewhere. The previously referred to studies [9, 10] have tested a series of strengthened samples under impact loading rate only.
In terms of comparing the contribution of the CFRP strengthening technique under various loading rates, to date there are no readily available studies focussing on this particular parameter in steel square hollow sections under lateral impact. An axial crushing test for CFRP strengthened spotwelded thin-walled steel SHSs was performed under quasi-static and impact loading rates [13] . The test was conducted to ensure the applicability of steel-CFRP in the automotive industry. The test results demonstrated that the benefit of the application of CFRP to spot-welded SHSs was significant and was much more pronounced in the quasi-static tests than in the impact tests. The comparison was made in terms of crush load, specific energy and structural effectiveness factor. The reduction in the contribution of the CFRP strengthening technique was due to the extensive debonding that occurred in the impact tests. Such kind of failure reduces the ability of the steel-CFRP to absorb energy. This kind of debonding is expected since a brittle type of adhesive material (MBrace) was used and this is less sensitive to strain rate compared with other adhesives such as Araldite 420 as experimentally observed in [12, 14] .
Based on the aforementioned discussions the behaviour of CFRP strengthened steel members under both quasi-static and to a lesser extent impact loading has been considered. However, what is not yet understood is the difference between the effectiveness of CFRP under various loading rates. The main aim of the present study is to compare the structural response of SHS steelwork strengthened with specific CFRP configurations at different loading rates. By understanding the response of this strengthening technique under various loading rates, ultimately a design guide can be established for different loading rates thus allowing practitioners to benefit from the considerable advantages this technique can offer [6, 9] . The work presented here is an extension of a preliminary study on rectangular hollow sections conducted by the authors [15] . The current paper presents a more extensive set of results and provides a new investigation of key parameters not dealt with in the previous paper [15] . Generally, it is well known that when the loading rate is increased the plastic flow stress of a steel section is also increased because of the strain rate effect. However, the increment in the member's strength is usually dependent on the strain rate sensitivity of the member's material.
When strengthened with CFRP, strain rate sensitivity, plastic flow and the failure mode of the section may be different from the corresponding un-strengthened section. These effects will be explored quantitatively in the current experimental investigation.
Experimental setup

CFRP strengthened SHS samples
The experimental programme comprised the testing of ten samples under various loading rates.
Square hollow sections (SHS) with dimensions 40 mm × 40 mm × 3 mm of steel grade S355 were used to make 0.85m long samples. Two end plates were welded to each end to allow attachment of the samples to the testing rig. CFRP was bonded to six samples while the rest of the samples were tested without strengthening for comparison purposes. All strengthened columns had CFRP wrapped around all four faces over the 800mm length. In each of the strengthened samples, the CFRP strengthening consisted of 2 plies, each with a thickness of 0.6mm. Each of the two plies were oriented either in the same direction (for the samples strengthened in the longitudinal direction and samples strengthened in the transverse direction) or in both directions (for samples strengthened in both directions). In other words, the overall thickness and mass of the CFRP strengthening was kept constant (1.2mm in total) for all strengthened samples in all configurations in order to verify the effectiveness of each configuration. In the case of the samples strengthened in both directions, it should be noted that the layer with fibres oriented in the longitudinal direction was applied first followed by the second layer, i.e. the layer with fibres oriented in the transverse direction was outermost. For the samples strengthened with CFRP oriented in the transverse direction (CTT samples in Table 1 ) and with CFRP oriented in both longitudinal and transverse direction (CLT samples in Table 1 ), the CFRP ply was wrapped in the transverse direction having a 25 mm overlap to avoid premature failure in the joints of the transverse ply in accordance with the recommendations of [13] .
In total, five samples were tested under a quasi-static loading rate (0.05 mm/sec) and another five were tested under a low-velocity impact rate (4.43 m/sec). The effect of preloading level (indicated by the ratio of applied load / ultimate design load for the column, [16] ) was also investigated in this experiment as listed in Table 1 . The samples were tested under two preloading conditions namely zero preloading and a 50% preloading level which represents a moderate load level commensurate with in-service loading in a real structure. The following naming system is employed to describe each sample: the first letter (C) stands for the column, the second pair of letters (LL, TT or LT) denotes the orientation of fibres in each of the two CFRP layers used to strengthen the sample i.e. longitudinal, transverse and both longitudinal and transverse directions, respectively, and the last numeric value 0 and 50 denotes the preloading level (percentage). For example, CLL50 means that the column was strengthened with 2 layers of CFRP with fibres oriented in the longitudinal direction and tested under transverse impact load while 50% preloading was applied. Note that the first letter "S" for the samples listed in Table 1 refers to static (or more accurately quasi-static loading here). 
Material properties and sample arrangement
The stress-strain curves for the investigated cold-formed steel hollow sections were obtained through tensile coupon tests. Three coupons were taken from the parent steel section and were then tested in accordance with ASTM E8/E8M-9 [17] . The average yield and ultimate stresses were 538.8 and 611.1MPa respectively. The average modulus of elasticity was 185GPa. CFRP coupon specimens were prepared from the unidirectional CFRP commercially named Toho Tenax STS40 and tested according to ASTM3039-00 [18] to obtain the tensile properties of the CFRP. The measured tensile strength, ultimate strain and elastic modulus were 1397.8MPa, 0.014 and 105.3GPa respectively.
Adhesive material commercially known as Araldite 420 was used to bond the CFRP plies to the steel surfaces The mixing ratio of this adhesive material was (2.5: 1) of component A and component B by weight [19] .The elastic modulus and tensile strength of Araldite 420 are 1.495GPa and 29MPa
respectively as reported by the manufacturer [19] . In order to avoid adhesion failure, special attention was given to surface preparation. Firstly, the steel surface was wiped with acetone to remove contaminants on the surface such as grease and oil.
Mechanical abrasion using an abrasive wheel, which is usually employed to remove the weak oxide layer and to roughen the surface for good adhesion, was then performed as shown in Figure 2 .
Following this, the abraded surface was cleaned with acetone to remove any grease or oil before applying the CFRP layer. At this stage, several post-yield strain gauges were affixed at certain locations. In this research, a wet lay-up technique [12] was used to fabricate the CFRP strengthened steel samples by bonding unidirectional carbon fibre sheets using Araldite 420 adhesive. These carbon fibre sheets were then wiped with acetone to remove dust. A layer of Araldite 420 was applied on the steel surface using a brush. Efforts were made to ensure that the adhesive layers on all specimens were of a uniform thickness. However, a 100% uniform adhesive layer thickness is impossible to achieve in practice when using the wet lay-up technique [12] . This was followed by saturating a ply of carbon fibre sheet with the adhesive material using a brush, before applying the saturated layer onto the adhesive-steel surface. A bristle roller was then used to eliminate small air bubbles and pin-holes.
The same procedure was then used to add the rest of the layers. The samples were cured at room temperature for at least seven days, as per the resin manufacturer's instructions. The 5 mm strain gauges were finally mounted onto the CFRP surface. It was found that the average thickness of the adhesive layer was 0.88 mm with a deviation of +/-0.2 mm along the sample length. 
Test setup
In order to apply the pre-compression load prior to and during the test, a special test rig was manufactured. A disc spring pile was used to apply the pre-compression load on the samples as shown Before After in Figure 3 . A 650kN capacity Kistler load cell was positioned in the striker system under precompression to reduce the effect of vibration on the load cell. This load cell was used to record the impact force with time. The test rig can provide fixed end type (while allowing axial movement in the axial direction at one end) boundary conditions. In the both static and impact tests, the load was applied to the striking system (see Figure 3 ) which was then transferred to the sample by an indenter.
The indenter was made from high-strength steel (EN24). The head of the indenter was rounded with a 2mm radius to avoid local failure in the specimens as recommended by [20] . The shape of indenter was also chosen to represent the type of sharp edges associated with a vehicle collision since this kind of impact source is one of the most common on structural elements. Six strain gauges were mounted on each sample as shown in Figure 4 to measure the strain profile during the test. All strain gauges were attached in the longitudinal direction apart from strain gauge G1 which was mounted in the 
Results
Force-transverse displacement
The impact test was conducted under a constant impact energy which was generated by a 91 kg mass dropped with 4.43 m/sec velocity as mentioned in Section 2, while in the quasi-static test the samples were loaded up to their ultimate load. Figure 5 illustrates that the initial peak force did not have a clear trend due to presence of the CFRP on the outer surface of the samples, which dampened the contact interaction and lowered the frequencies contributing in the reduction of the initial peak force Similar observations were reported by Shakir et al. [22] who tested a series of CFRP strengthened concrete filled steel tubes under impact load. It was found that applying CFRP in the impact region caused a reduction in the peak impact force. The same effect may also cause a delay in the time of the initial peak force due to the non-uniform outer surface (see Figure 5 ). After this peak force the vibration stage started, this is caused by the indenter at its first contact with the sample and may be induced the severe vibrations of both the sample and the indenter. These vibrations have in turn led to a rapid change in the contact force which is shown on the force-displacement plot as smaller amplitude spikes than that of the initial peak. Subsequently, the sample and impactor remain in contact and move together. During this stage, the impact force is nearly constant (here described as the "plateau stage"). During this stage, most of the impact energy is dissipated due to the relatively long duration compared to the other stages [5] . When the sample reaches the maximum transverse displacement, the sample and impactor rebound, this is referred to as the "unloading stage". However, the comparison between the plateau values of the un-strengthened samples tested under 0 and 50% preloading levels demonstrated that the plateau value reduced when applying axial force on the sample. Regarding the strengthened samples, it can be seen from Figure 5 In terms of transverse displacement, it can be seen from Figure 5 that the strengthened samples always have less displacement in comparison with the un-strengthened samples (C50). This reduction in the transverse displacement as a result of applying CFRP varied with orientation of the CFRP layers. It was found that applying CFRP in the transverse direction has the minimum contribution compared to other configurations, while using fibres in both directions provides the higher contribution. This is due to the ability of this configuration in preventing local and global buckling [9] . Regarding the preloading level, it was also found that in absence of the pre-compression load the SHS sample had lower transverse displacement as shown in Figure 5 .
Concerning the samples tested under quasi-static loading, Figure 6 shows the load-transverse displacement up to the corresponding ultimate load. In similarity to the trend discussed in the previous paragraph, the un-strengthened sample tested without applying pre-compression force achieved an ultimate load more than the corresponding value of the sample tested with a 50% preloading level. In addition, the increment of the load-carrying capacity of specimen SCLT50 is about 26% compared to the un-strengthened sample (SC50), which is higher than the rest of the strengthened samples, while in sample SCTT50 the increase in the load-carrying capacity is around 11% in comparison with sample SC50. Transverse displacement (mm) Figure 6 . Load-transverse displacement at mid-span for samples tested under static load.
Absorbed energy
The absorbed energy in a sample is represented by the area under the load-transverse displacement curve as shown in Figure 7 . In the case of the quasi-static loading rate, the total amount of energy imparted to the samples was not equal since the load was applied up to each sample's ultimate load. In other words, the applied energy to the samples was unequal. In the case of impact loading rate, the applied energy to the samples equals the potential energy of the drop hammer which is a function of its mass, acceleration due to gravity and the height from which it was dropped and the external work resulting from the pre-compression force in the axial direction. As mentioned in the beginning of Section 3, the potential energy of the drop hammer was identical but the external work for the all samples was not equal due to their unequal axial displacement. The value of the axial displacement varied with variation of the transverse displacement of each sample. The absorbed energy of the samples tested under impact loading rate is plotted against the transverse displacement in Figure 8 . This figure demonstrates that the maximum amount of the absorbed energy for the tested samples was different as discussed in the previous paragraph. It can also be seen from this figure that the maximum transverse displacement at the mid-span of these samples was not equal ( Figure 5 ). For the samples tested under quasi-static loading, pre-loading will lead to larger transverse displacement under the same energy absorption as shown in Figure 9 . Transverse displacement (mm)
Failure mode
It was mentioned earlier in subsection 3.1 that in the static test the samples were loaded up to their failure load while in the impact test a constant impact energy was applied to the samples. The samples tested under impact loading did not show any global failure. However, some local damage occurred in these samples in the impact region (see Figure 11 ). This damage could include local deformations in the steel section, CFRP rupture and CFRP debonding. The practical test results show that the local deformations in the steel comprised an inward indentation on the top and bottom surfaces and outward deformation at the sides of the section. Apart from this local damage there was no failure, delamination or debonding in evidence at any point in the tested samples.
In the case of the quasi-static loading, all tested samples failed in combination failure mode i.e. the tested samples in the beginning exhibited local deformation in the loading region which continued until plastic hinges were formed leading to global failure. This was then followed by extensive local failure as shown in Figure 10 . This local failure caused a descent in the load vs. transverse displacement in the tested samples (see Figure 6 ) after the peak load. All samples exhibited a similar behaviour in the loading region which was identical to that which occurred in the impact test. 
Comparison between static and impact results
The general response trend of both loading rates is usually similar. For example, it was found the columns strengthened with fibres oriented in both directions had the maximum load-carrying capacity (or plateau force for the impact tests) and the minimum transverse displacement compared to the other corresponding columns. However, there were some differences regarding the amount of applied work on both loading rates. In other words, in the static tests the samples were loaded up to their ultimate load, while in the impact tests constant impact energy was applied to all samples. For example, the total energy absorbed by samples SC50 and C50, which is represented by the area under the forcetransverse displacement curve, was 960J and 783J respectively. Thus, the comparison between the static and impact tests should be undertaken based on a datum. Table 2 presents the energy absorbed by the samples up to 27 mm mid-span transverse displacement. The limit of 27 mm was chosen because this was the maximum transverse displacement that occurred for sample CLT50. All other samples have a maximum transverse displacement at mid-span larger that this value. This comparison might not be very fair because other samples (tested under impact load) reached the 27 mm transverse displacement at different times, which means that they have different strain rates when the comparison is made. However, bearing these differences in mind it might be worthwhile to have some basic comparisons between this set of tests. Table 2 reveals that the energy absorbed by the sections tested under impact loading was greater than the corresponding values gained from the static test, for either strengthened or unstrengthened samples, this was clearly caused by the strain rate effects. It was further observed that the difference between the absorbed energy (impact and static) for the samples tested without pre-compressive load (C0 and SC0) was less than the associated values for the 50% pre-compressed columns (C50 and SC50). This might relate to the fact that the average strain rate was greater for the samples tested under 50% preloading compared to those without. The strain rate has a significant effect on both the behaviour of steel and the steel reinforced with CFRP. Under the same loading rate for dynamic impact, the test results show that the energy absorbed for the 50% pre-loading level strengthened
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sections is comparable to that of zero preloading unstrengthened steel sections. The specimens strengthened with CFRP generally have a higher energy absorption recovery.
It should be mentioned that the strain rate has a significant effect on both the behaviour of steel and the specific type of adhesive material used (Araldite 420) as previously reported by other researchers such as [23] and [14] . For the CFRP material itself, it is unclear if the strain rate has an effect on its behaviour or not. Some researchers have suggested that the effect of strain rate for unidirectional CFRP could be neglected [24, 25] , while others have argued for the opposite [14] . Al-Zubaidy et al [14] have suggested a series of empirical formulae which could be used to evaluate possible CFRP response under various strain rates. The formulae describe the tensile dynamic properties of unidirectional CFRP sheets including tensile strength, elastic modulus and strain to failure under various strain rates. These equations are as follows: (1) to (3) can only be applied for strain rates ranging from 0.000242 to 87.4 sec -1 [14] .
As previously mentioned, in the current study a number of strain gauges were positioned on the CFRP surface for each of the strengthened samples to measure the strain profile. These strain gauge readings can also be used to evaluate the strain rate occurring throughout the test duration. For instance, the average strain rate indicated by strain gauges CG2 and CG4 for sample CLL50 is plotted in Figure 12 . It can be seen from this figure that the maximum strain rate occurring during the impact test duration was less than 2 sec -1 . If this value is applied to equations (1) to (3) the theoretical increase in the value of the tensile strength, elastic modulus and strain to failure is 0.1%, 1% and 0% respectively (see Table 3 ) when comparing these values under both loading rates. As previously mentioned at the beginning of this section the changes in the tensile properties of the CFRP as a result of possible strain rate sensitivity have been seen to be trivial, thus these changes are expected to have a minor influence on the response of the SHS strengthened with CFRP for the loading rates examined. In parallel to the trend for absorbed energy, the variation between the energy absorbed in the impact and static tests for the samples strengthened in both directions was also greater than the corresponding values for the un-strengthened samples and remaining strengthened samples. It may be possible to conclude here that the CFRP effectiveness increased with a higher loading rate. This behaviour may have been partly caused by the strain rate sensitivity of the adhesive as indicated by [14] and [11] , even if this might have made only a small contribution. It can be seen from Figure 13 showing the transverse displacement for samples C50 and SC50 against the strain gauge G1 reading that for the same transverse displacement the strain resulting from the impact test was greater than the corresponding value for the static test. Consequently, the CFRP provided an extra resistance to the local deformation, which helped to increase the effectiveness of the strengthening system. This trend seems to be opposite to that observed by [13] whereby following a series of axial compression tests on CFRP strengthened SHSs the effectiveness of CFRP reduced with higher stain rates. In the tests by [13] , the reduction in the contribution of the CFRP strengthening technique was due to the extensive debonding that occurred in the impact tests. The adhesive material used in the study by [13] was a comparatively brittle material (MBrace) which other researchers [12, 14] have observed as being insensitive to strain rate changes. However, in the current experimental work, the adhesive employed is Araldite 420 which has been found by [12, 14] to be sensitive to strain rate and led to improved performance of CFRP strengthened steel joints at high strain rate. Another example of the comparison between the impact and static loading results was the strain value for the samples listed in 
Conclusions
In the present paper the effectiveness of CFRP strengthened steel SHS members under various  Full wrapping of CFRP was effective for strengthening SHS members subjected to quasistatic and impact loading rates. This conclusion is made by comparing the transverse displacement, plateau impact force and strain in the case of impact loading, while in the case of quasi-static loading, the load-transverse displacement and loading carrying capacity of samples were compared.
 Existing pre-compression load caused an increase in the transverse displacement and reduced the plateau impact force. The observation seems to be identical with that found in the case of the quasi-static loading rate where pre-compression caused a decrease in the lateral load carrying capacity of the tested sample.
 Regarding the CFRP configurations, it was found that applying the fibres in both the longitudinal and transverse directions had the greatest effectiveness compared to other strengthening configurations. The configuration with fibres oriented only in the transverse direction has the lowest contribution compared to other arrangements, even when the same overall volume of CFRP was used in all wrapping configurations. In quantitative terms,, in the case of the quasi-static loading rate, the increase in load carrying capacity of the sample strengthened with fibres oriented in both directions was 26% compared to the un-strengthened sample, while the enhancement was around 11% when the transverse orientation was used.
The CFRP strengthening with fibres oriented in both directions had an ability to increase both flexural and shear resistance which normally govern global and local buckling of the sections respectively.
 The effectiveness of the CFRP in strengthening the tested SHS members increased with a high loading rate. However, the observed increase in the strengthening effectiveness was relatively small because the impact test undertaken was with a relatively low impact velocity.
This observation is not in agreement with that found by [13] and may be due to the use of a more ductile, strain rate dependent adhesive material in the current experiments.
The preceding discussion demonstrates the potential effectiveness of the CFRP strengthening method in impact situations. The work presented here is focussed on relatively small SHS members, further study on larger scale members is required in order to determine whether the CFRP strengthening method remains effective and economic when scaled up to the type of sections seen in everyday building and civil engineering structures. Another limitation of the present study is that accurate separation of the energy absorbed by local deformation and that by global deformation was not possible in the experiment. Addressing the above limitations forms part of the on-going research of the authors.
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